Deoxyinosine (dI) is produced in DNA by the hydrolytic or nitrosative deamination of deoxyadenosine. It is excised in a repair pathway that is initiated by endonuclease V, the product of the nfi gene. The repair was studied in vivo using high-efficiency oligonucleotide transformation mediated by the Beta protein of bacteriophage λ in a mismatch repair-deficient host. Escherichia coli was transformed with oligonucleotides containing a selectable A to G base substitution mutation. When the mutagenic dG was replaced by a dI in the oligonucleotide, it lost 93 to 99% of its transforming ability in an nfi + cell, but it remained fully functional in an nfi mutant. Therefore, endonuclease V is responsible for most of the removal of deoxyinosine from DNA. New nfi mutants were isolated based on the strong selection provided by their tolerance for transformation by dIcontaining DNA. The repair patch for dI was then measured by determining how close to the transforming dG residue a dI could be placed in the oligonucleotide before it interferes with transformation. At the endonuclease V cleavage site, three nucleotides were preferentially removed from the 3′ end and two nucleotides were removed from the 5′ end. dI:dT and dI:dC base pairs gave the same results. Caveats include possible interference by Beta protein and by mispaired bases. Thus, oligonucleotide transformation can be used to determine the relative importance of redundant repair pathways, to isolate new DNA repair mutants, and to determine with high precision the sizes of repair tracts in intact cells.
Introduction
Most base lesions in DNA are removed by excision-repair pathways (reviewed in ref. [1] . The excision may be limited to the damaged nucleotide, but it often extends beyond it. The resulting gaps in the DNA are filled in by a DNA polymerase and sealed by a DNA ligase to produce a repair patch, that is, a tract of one or more newly inserted nucleotides that replace the ones that were excised. Several types of enzymes may participate in the excision steps, which are usually unique to the lesion. Endonucleases may hydrolyze phosphodiester bonds on one or both sides of the lesion. Sometimes, excision is initiated by a glycosylase, which releases the damaged base leaving an abasic site. In that case the C-O bonds on one or both sides of the base-free sugar may be disrupted by an elimination reaction catalyzed by an endolyase activity, which in some cases belongs to the glycosylase itself. The strand break produced by an endonuclease or endolyase provides a site of entry for an exonuclease that may remove the damaged *Corresponding author: Dr. Bernard Weiss, Department of Pathology, Emory University, School of Medicine, Whitehead Building, Rm. 141, 615 Michael St, Atlanta, GA 30322, Phone: (404) 712-2812, FAX: (404) 727-8538, bweiss2@emory.edu. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. nucleotide or the base-free sugar phosphate. In addition, a helicase may be required, either to release a lesion-containing oligodeoxyribonucleotide (oligo) from the DNA or to unwind a lesion-containing end so that it may be degraded by single-strand specific exonucleases.
The size of the repair patch for a given lesion is specific to that lesion and may provide some insight into the repair pathway. A patch length as short as one nucleotide has been reported for the repair of DNA uracil in prokaryotic and eukaryotic systems in vitro [2] . In the VSR (very short patch repair) system of E. coli, which removes deaminated 5-methylcytosine from DNA methylation sites, a patch length of between two and ten nucleotides was measured by genetic experiments [3] . The UvrABC system of E. coli, which removes bulky adducts, has a patch size of 12 nucleotides in vitro [4] . A single base mismatch in E. coli or in mammalian DNA may cause the replacement of as many as 1000 nucleotides [5] . Most patch sizes have been measured in vitro using cell extracts or mixtures of purified enzymes. Working with cell extracts introduces possible artifacts: component proteins may be denatured on isolation, protein complexes may dissociate, repair is measured in the absence of transcription and DNA replication, and effective levels of some enzymes are not reduced by competing lesions as they may be in the cell. Moreover, some system components such as deoxynucleoside triphosphates, metal ions, salts, enzymes and DNA substrates may be added at levels that do not mimic the intracellular conditions. Studies with purified enzymes have many of the same drawbacks and cannot take into account enzymes and accessory proteins that have yet to be discovered.
In only a few cases have measurements been made in vivo. Methods based on the co-conversion of linked genetic markers are usually crude; they can be no more accurate than the frequency of available markers in any particular region. A promising approach examined the removal of mismatches at various distances from lesions in transfected plasmids [6, 7] . It may have general applicability, but the physical nature of the plasmid might affect the results.
In this current study, we present a general method for measuring patch sizes in situ in chromosomal DNA. It is precise, unlike other in vivo methods, and it avoids most of the tacit assumptions of the in vitro methods. The technique involves transformation of chromosomal DNA by single-stranded oligos containing a DNA lesion. This type of transformation is quite efficient in E. coli that express the Beta protein of bacteriophage λ. This single-stranded binding protein promotes the annealing of oligos to single-stranded chromosomal regions [8] such as those near the replication fork. We can gauge the size of a repair patch by examining the inheritance of a mutagenic base substitution situated at various distances from a DNA lesion in the transforming oligo. The lesion to which this method is applied is deoxyinosine (hypoxanthine deoxyribonucleoside), which arises normally from the hydrolytic [9] or nitrosative [10] deamination of deoxyadenosine in DNA and would lead to an A:T to G:C transition mutation if it were not repaired [11] . Its repair is initiated by endonuclease V (Endo V), which is encoded by the nfi gene. The enzyme cleaves the second phosphodiester bond 3′ to the deoxyinosine [12] . The lesion must then be removed by a second DNase cleaving on its 5′ side. This unidentified enzyme could either be an endonuclease or a 3′→5′ exonuclease.
The results will be presented in three major parts. In the first, evidence will be presented that Endo V is the major endonuclease that destroys the transforming activity of dI-containing DNA. This will provide the basis of a selection procedure for nfi mutants. In the second part, the patch size produced during Endo V-mediated repair will be measured. In the third part, control experiments will demonstrate that in a wild type cell, dI-containing oligos are not cleaved before they are incorporated into the chromosome; thus, we are examining repair rather than restriction of dI-containing DNA.
Materials and methods

Bacterial strain construction
The strains used are listed in Table 1 . The mutS::Gm insertion in BW1945 and its derivatives is a PCR-mediated replacement [13] of nt 1 to nt 2522 of mutS by a gentamycin resistance cassette. The template was plasmid pKD::Gm, in which an 855-bp SacI Gm cassette from plasmid pUCGm [14] replaced a 360-bp PvuII segment of the kanamycin resistance gene in plasmid pKD4 [15] . The primers were ATCACACCCCATTTAATATCAGGGAACCGGACATAACCCCGTGTAGGCTGGAGC TGCTTC and TTACACCAGGCTCTTCAAGCGATAAATCCACTCCAGCGCCCATATGAATATCCT CCTTAG. Disruptions of mutS nfi, and λ exo genes were verified by PCR. lacZ mutations were introduced by transformations [16] with 70-mers. Lac − colonies were detected on X-Gal/IPTG plates [17] , and the mutations were verified by DNA sequencing of PCR products. Transductions with phage P1 dam rev6 were as previously described [18] .
Bacteriological media
LB media [19] were used for routine growth. They were supplemented with gentamycin at 20 μg/ml, streptomycin at 200 μg/ml, or chloramphenicol at 25 μg/ml for genetic selections. Str r transformants were plated after growth in broth for at least ten generations. Cells containing the EZ-Tn5 ™ <DHFR-1> transposon were selected on Mueller-Hinton agar (Difco) containing 10 μg/ml of trimethoprim. Lac + recombinants were selected on 1.5% agar plates containing Vogel-Bonner Medium E [20] supplemented with lactose (0.4%), thiamine (10 μg/ml), and biotin (0.8 μg/ml). A low-salt growth medium, YENB [21] , was used for the preparation of electrocompetent cells.
Transformation
Transformations with single-stranded oligos were performed as previously described [22] , using 100 ng of oligonucleotide per 50 μl of electrocompetent cells. Transformations with the EZ-Tn5 ™ <DHFR-1>Tnp transposome complex (Epicentre Biotechnologies, Madison, WI) were performed as described by the manufacturer.
Other methods and materials
Oligonucleotides were synthesized by Operon Biotechnologies (Huntsville, AL). DNA sequencing of PCR products was performed by Agencourt Bioscience Corp. (Beverly, MA).
Results
The transformation indicator strain BW1892
E. coli strain BW1892 was constructed to serve as a transformational recipient for oligos and as a parental strain for the isolation of dI-tolerant mutants. It contains a partially deleted λ prophage that expresses the Beta and exonuclease recombination proteins of λ under the thermoinducible control of the λcI857 repressor. The Beta protein enables the efficient incorporation of electroporated oligos into DNA [23] . It binds specifically to single-stranded DNA [24] , probably protecting oligos against DNases in the cytoplasm [25, 26] . It should also promote annealing of an oligo to a single-stranded region of chromosomal DNA and displacement of regions of adjacent strands [24] , such as Okazaki fragments. The mutS mutation in the host enhances the frequency of transformation by blocking mismatch repair [16] , which would otherwise degrade the newly formed heteroduplex. Mismatch repair would also interfere with the measurement of endonuclease V-mediated repair if the dI residue is opposite anything other than dC. The strain is also a lacZ mutant, and it is streptomycin sensitive (Str s , rpsL + ). It may be transformed to Lac + or to streptomycin resistance (Str r ) with an appropriate oligo that substitutes a dG for a dA in the corresponding gene ( Fig. 1 ). An additional 2-nucleotide (nt) deletion in the lacZ gene prevents spontaneous reversion to Lac + .
Transformations with dI-containing oligodeoxyribonucleotides
Because dI pairs with dC, it may be used instead of dG in the transforming oligos, but transformation should occur only if the cell is deficient in the excision of dI from DNA. This principle might provide the basis for methods to isolate or to detect DNA repair mutants and to evaluate the relative roles of individual repair enzymes like Endo V. However, the method has to be tested because even a repair-proficient cell could produce transformants if replication were to occur faster than repair. In that case, the dI-containing oligo would serve as a template for Lac + or Str r progeny. Accordingly, strains BW1892 (nfi + ) and an nfi mutant derivative, BW1904, were electroporated with dG-and dI-containing oligos. The 70-mers either spanned nt 1350 to 1419 of the lacZ gene and had dG or a dI at nt 1384, or they covered nt 229 to 278 of rpsL and had a dG or dI at nt 263 (see Fig. 1 ). The sequences of the oligos were derived from the coding strands, which were the lagging strand of lacZ and the leading strand of rpsL. The efficiency of transformation by dG-containing oligos was 40-fold better for the lacZ gene than the rpsL gene, which is consistent with known preference for the lagging strand in oligo-mediated transformation [16, 27] .
For the nfi + strain BW1892, 120 times as many Lac + transformants were produced by the dGcontaining oligo than with the dI-containing one. Transformations to Str r demonstrated a 14fold preference for dG DNA. For the nfi mutant, BW1904, the transformation efficiencies were about the same (±50%) for dG and dI-containing DNAs. No spontaneous revertants were seen (<0.05%). This is the first evidence that in vivo, 93 to 99% of the repair of dI is dependent on Endo V. This strong selectivity may provide the basis for mutant isolation. Using dI-containing oligos, a selection for Lac + transformants followed by one for Str r transformants should produce about a 1700-fold enrichment for repair-deficient mutants.
Mutant selection with dI-containing oligos
Strain BW1892 was mutagenized by random insertions of EZ-Tn5 ™ <DHFR-1>, a synthetic transposon specifying trimethoprim resistance. About 5 × 10 5 trimethoprim-resistant cells were pooled and transformed to Lac + by a 70-mer containing dI at nt 1384 in the lacZ ORF ( Fig. 1 ). Greater than 2 × 10 4 transformants were pooled and transformed to Str r by a 70-mer containing dI at nt 263 of rpsL ( Fig. 1) . Then, greater than 300 transformants were pooled, and their transposons were transferred back into strain BW1892 by generalized transduction with phage P1. The backcross had two functions. First, it placed the insertion mutations back into a Lac − Str s strain to facilitate testing of dI tolerance by using the same transformational selections that were used for the selective enrichment. Second, it excluded from the final pool any spontaneous mutation that was not closely linked to a transposon. Spontaneous mutations should be common in BW1892, which is a mutator (mutS) strain. In the backcrossed transductants, any mutation to dI tolerance would most likely be caused by the transposon insertion itself and therefore would be easily mapped.
Of 64 transductants that were tested, 22 had transposons that were closely linked to nfi. These were tested by PCR using primers ATGGATCTCGCGTCATTAC and CAGTTTACCTGAATTAGGG and confirmed to have insertions directly within the nfi gene. Seven of the 22 putative nfi mutant strains were tested for dI tolerance by transformation to Lac + with a 70-mer containing dI at position 1384 ( Fig. 1) . Each had a high frequency of transformation comparable to that of BW1904, the nfi-1::cat derivative. On the other hand, none of the 42 non-nfi mutants had an elevated efficiency of transformation with the dIcontaining 70-mer; they may have merely been cells in which, during the enrichment procedure, replication of the incorporated oligo preceded repair. Thus the procedure of selective enrichment by oligo transformation was successful only for the isolation of new nfi mutants. It failed to uncover mutations affecting additional steps in nfi-mediated repair or affecting parallel pathways for dI repair (see Discussion).
Measuring the dI repair patch
The results so far indicate that the dI-intolerance of a wild type cell is mostly due to Endo V and that a dI-tolerant cell is invariably an nfi mutant. Therefore, the study of dI repair during transformation in a wild type cell is a study of Endo V-mediated repair. To measure the size of the repair patch after Endo V scission, we may study the transformation of an nfi + cell by a dI-containing oligo. The principle is that if a dI in the oligo prevents the acquisition of a nearby mismatched nucleotide, the dI repair patch extends through that nucleotide. An oligo is used that contains a mutagenic base substitution, such as the G at position 1384 in the lacZ gene, which can transform BW1892 to Lac + (Fig. 1) . A dI residue is placed nearby. Because 99% of it will be excised, it should not be mutagenic even if it is mispaired. After incorporation of the oligo, if excision repair of the dI encompasses the dG, then there will be no Lac + transformants ( Fig. 2A ). If the excision of dI spares the dG, then there will be Lac + transformants (Fig. 2B ). In this example, the dG is located −5 nucleotides from the Endo V cleavage site, which occurs at the second phosphodiester bond 3′ to the dI. If the dI residue markedly reduces the number of Lac + transformants, then at least 5 nucleotides are removed from the 3′ end created by Endo V cleavage. Strain BW1892 was transformed with a series of similar oligos containing dI at various positions. The results (Fig. 3A) indicate a sharply demarcated minimum size of 5 nucleotides for the repair patch, with three nucleotides removed from the 3′ end and two from the 5′ end. Those dI-containing oligos that produced a high number of transformants produced from 0.75 to 1.7 times as many transformants as the dGcontaining oligo. Therefore, there cannot be a large fraction of DNA molecules with patch sizes greater than five nucleotides. These are the first results of which the author is aware for the measurement of the Endo V repair patch either in vivo or in vitro.
Similar results (Fig. 3B) were obtained with the lacZ(Am) strain BW1948 (Fig. 1) , indicating that the measurements were not largely affected by sequence context. The lacZ(Am) transformations employed different oligos, a different region of the gene, and a chromosomal mutation that did not include a deletion. Although not shown, similar results were also obtained when 40-mers were used instead of 70mers to transform strain BW1948.
In addition to producing the λ Beta protein, the strains used in this study also produce λ exonuclease. This condition was ignored initially because this double-strand-specific 5′→3′ exonuclease has no measurable activity at nicks or gaps in DNA [28, 29] , although it might be able to excise a short 5′ flap displaced by DNA synthesis [30] . However, results similar to those of Fig. 3A were obtained when the experiment was repeated with BW1950, an isogenic strain with a λ exo mutation (results not shown).
A dI-containing oligo Is not cleaved before incorporation into DNA
Endo V will cleave near dI residues in single-stranded as well as double-stranded DNA. It was possible that we have been observing restriction rather than repair of dI-containing DNA, i.e., events before incorporation into the chromosome rather than events occurring afterward. Thus, the apparent "repair patch" might have been due to Endo V cleavage of the oligos in the cytoplasm followed by nibbling at the new ends by exonucleases before the fragments annealed to the chromosome. To rule this out, an experiment was devised that relied on the great difference between the transformation efficiency of a 40-mer and that of a 20-mer [22] . It also made use of the finding, in the previous section, that the repair patch is limited. Two lacZ recipients were used. BW1946 (Fig. 4A ) had only the 2-nt deletion of strain BW1892 (Fig. 1) , whereas BW1947 had only its G→A point mutation (Fig. 4B) . The 40-mers used covered both mutations and were capable of transforming either strain to Lac + . One of the 40-mers had a dI at position 19. If cleaved in the cytoplasm by Endo V, it would produce two 20-mers. To prevent dI repair from removing the transforming dG residue, the dI was placed five nucleotides 5′ to it. The dI-containing 40-mers transformed about as well as the dG-containing ones (Fig. 4) . However, neither of the predicted cleavage products, i.e., the 20-mers, was effective. Because the dI-containing 40-mer could transform the cells but the predicted cleavage products could not, the 40-mer could not have been cleaved before incorporation into the chromosome.
Discussion
Screening for mutants by oligo transformation
Before the discovery of Endo V, it was believed that dI in DNA was repaired through a base excision pathway, i.e., a pathway initiated by a glycosylase. There were reports of a hypoxanthine-DNA glycosylase activity in E. coli [31] , of a similar (probably the same) activity associated with 3-methyladenine DNA glycosylase II (AlkA) [32] , and of an unconfirmed discovery (discussed in ref. [33] of a hypoxanthine DNA glycosylase with different physical properties from the others [34] . There might also be other repair enzymes that are too labile to be assayed in crude extracts and for which our selection procedure offered the best hope of discovery. This study indicates that compared to Endo V, other activities are too small to matter under our growth conditions, which include recovery from electroshock. However, Endo V catalyzes only the first step of dI repair, an incision near the lesion; it does not actually remove the dI. Consequently, the selective enrichment procedure should also have yielded excisiondeficient mutants. Its failure to do so suggests that either there are redundant DNases for this step, that the loss of such an enzyme would reduce viability or transformability of the cell, or that there was a strongly biased distribution of insertion sites for the transposon used to generate the mutants.
Before using oligo transformation as an enrichment procedure, plasmid transformation was attempted. In pilot experiments in our lab, synthetic plasmids were either heavily substituted with dI or dU or had several of these residues in nearly opposite locations. A repair-proficient cell should produce lethal double-strand breaks that would block the inheritance of an antibiotic marker on the plasmid. The procedure did not work. The transformation efficiencies for the modified plasmids were equally high in wild type cells and in mutants lacking Endo V or uracil-DNA glycosylase. It is possible that the replication of a small plasmid is just too fast; theoretically, it might be complete in just a few seconds. If the modified DNA is replicated before the first cleavages occur, subsequent repair will only generate single-strand breaks. Oligo transformation has a clear advantage in this respect. It has been postulated that transforming single-stranded oligos bind to the template for the lagging strand, in the gaps between the Okazaki fragments [16, 27] . This assumption is based on the requirement for a single-strand binding protein (Beta protein), the preference for incorporation into the lagging over the leading strand, and the preference for single-stranded over double-stranded oligos. If the oligo is indeed incorporated into the chromosome just behind a replication fork, then it has twenty minutes to be repaired before it is traversed by the next fork [35] . This may be the reason for the success of our methods. This principle may also explain why transformations to Str r did not select as strongly against dI-containing DNA as transformations to Lac + . Each of the oligos used in this study had the sequence of the coding strand. However, the lacZ oligos were incorporated into the lagging strand, whereas the rpsL oligos were incorporated into the leading strand. Thus, in many cells, an rpsL oligo may have been integrated in front of a replication fork and therefore had little time in which to be repaired before it was replicated. Nevertheless, other explanations are possible. For example, repair might have been affected by different rates of transcription of the lacZ and rpsL genes or by the different sequence contexts of the lesions.
Precision of dI repair
After cleavage by Endo V, excision of the dI from DNA requires that only two nucleotides be removed from the 3′ end of the cut and none from the 5′ end. Instead, three are removed from the 3′ end and two from the 5′ end. Another unexpected finding was the striking apparent precision of the repair patch ( Fig. 3) , with a sharp drop-off below five nucleotides. It is hard to imagine that this sharp demarcation results from a purely stochastic process. It suggests that the enzymes act in concert, perhaps in a complex, but it must involve at least three enzymes that are not known to act in a concerted fashion: Endo V, DNA polymerase I, and DNA ligase. The mechanism of excision of dI after Endo V cleavage is not known. Endo V from Thermotoga maritima has an associated 3′→5′ exonucleolytic activity that appears to be triggered by the endonucleolytic cut [36] , but this activity has not been found in the E. coli enzyme, which remains tightly bound to the nick after cleavage [37] . The removal of nucleotides from the 5′ terminus at the nick could be caused by nick translation, i.e., the 5′→3′ exonuclease activity of DNA polymerase I that accompanies polymerization. This cannot be tested directly because mutations for this activity are conditionally lethal [38] . However, we might be able to use oligonucleotide transformation to screen for mutants for another enzyme that might perform this excision. For example, suppose that a dI at nt 1381 in the lacZ gene produces a Lac − phenotype. Then we could transform BW1892 ( Fig. 1) with an oligo containing a dI at position 1381 and the wild type dG at position 1384 (2 nt from the prospective 5′ terminus). Lac + transformants would be produced only if the dI were removed and the dG were not. This general approach should be widely applicable in cases where the repair patch is known with some precision.
A precise repair patch that brackets the lesion is reminiscent of that produced by the UvrABC protein complex, which removes 12-mers containing bulky adducts such as UV pyrimidine dimers [4] . It raises the additional possibility of a similar complex involved in dI repair, perhaps one containing one or two additional endonucleases. Thus, Endo V might act in concert with other DNases (endo-or exonucleases) that define the ends of the repair patch.
Other applications
These procedures may be used to study other lesions that are repaired by base or nucleotide excision. dI was ideal because its base pairing is fairly consistent, enabling us to measure the efficiency of repair directly when it was used as the transforming nucleotide. However, when a lesion displays no pairing or degenerate pairing, its excision may still be measured, although indirectly. We would just determine the decline in transformation frequency of a normal nucleotide when it is situated within the repair patch. One problem is that even if the lesion is not repaired, it may preclude transformation to Lac + by producing a mutation. To prevent this outcome, the lesion could be positioned as the third nucleotide of a triplet that encodes the same amino acid regardless of which base is in that position. There are eight sets of such codons. Of course, this procedure will only work if the repair patch is longer than one nucleotide and if the enzyme that attacks the lesion recognizes it when it is opposite the given base.
Caveats
A matter of concern was that during transformation, the heteroduplex region near the dI contains a base mismatch that might destabilize it and thereby affect the size of the repair patch. For this reason, transformations were chosen that pair a dG in the oligo with a dT in the chromosome. G:T is the most stable of the non-canonical base pairs. It stacks well with other base pairs and produces relatively little distortion of the double helix [39] . However, the G:T wobble pair has a shorter half life and a longer open-state lifetime than the normal base pairs. It also destabilizes adjacent base pairs, although not its second nearest neighbors [40, 41] . This relative instability could affect the patch size. For example, it is possible that normally only two nucleotides are excised at the 3′ end of the scission (the minimum required to remove the dI). Our conclusion that a third nucleotide is removed is based on the use of oligos in which the dI is immediately 3′ to a dG in a G:T pair. Perhaps the third nucleotide is removed only because it is in the unstable G:T pair that is attacked, for example, by a single-strand-specific exonuclease. Thus, its removal may be an artifact of our experimental conditions. However, the patch size does not appear to be influenced by mispairing of the dI. Two different mutated regions were examined so that dI would be paired with different deoxynucleosides at some of the same relative positions. In various oligos, the dI replaced dC, dA, dT, or dG. There were two experiments in which the dI was placed immediately 3′ to the transforming dG, causing the removal of dGMP as the third nucleotide from the end. In the transformation of BW1892, the dI (at nt 1385, Fig. 1 ) was paired with dT, as it would be if it had arisen in vivo from the deamination of dA. In the transformation of BW1948, however, the dI (at nt 51, Fig.  1 ) was paired with dC, as it would be if it had arisen from the misincorporation into DNA of dITP that had escaped dITP pyrophosphohydrolase [42] . The results (Fig. 3A versus Fig. 3B ) were similar, suggesting that the mechanism of dI excision is the same whether it is mispaired with dT or paired normally with dC.
Another possible artifact may be introduced by the expression in our cells of the Beta protein of bacteriophage λ. It may be the Beta protein that is responsible for protecting our dIcontaining oligos from cleavage in the cytoplasm. Although the protein binds specifically to single-stranded DNA to promote annealing, it remains bound to the duplex after it is formed [24] , raising the question of possible interference with repair. Several findings suggest that the Beta protein might not affect our repair patch measurements. (i) It is obviously not blocking the removal of dI from the DNA. (ii) Although single-stranded DNA is initially protected by Beta protein against digestion by pancreatic DNase, it loses that protection during renaturation [25] . (iii) The apparent size of the Endo V repair patch is greater than the minimal size we may have expected (i.e., greater than 2 nucleotides). Nevertheless, we cannot rule out the possibility that Beta protein is constraining the excision.
Although this system for the study of DNA repair lacks many of the shortcomings of the in vitro systems (as discussed in the introduction), it evidently comes with caveats of its own and therefore cannot replace them but merely complement them.
Nevertheless this approach requires fewer tacit assumptions than in vitro studies, and by using intact cells and by studying chromosomal events, it may be closer to reality. Moreover, it may be extended to the study of other DNA lesions and to other organisms, such as Saccharomyces cerevisiae [43] , for which efficient oligo transformation systems exist. Transformation indicator regions. Numbers are the nucleotide positions in the ORFs of the lacZ and rpsL genes. Highlighted bases are those that will be replaced by guanines during transformation, yielding Lac + or Str r (rpsL mutant) recombinants. In BW1892, the base substitution is that of mutation indicator strain CC106 of Cupples and Miller [44] , which reverts to Lac + only by an A→G transition at nt 1384. BW1892 also has a deletion of two guanines at nt 1370 to 1371 in lacZ. An A→G mutation at nt 253 in rpsL produces the Str r phenotype associated with the rpsL40 (strA40) mutation [45] . In strain BW1948, replacing A with G at nt 50 changes the amber codon to the original TGG (tryptophan). Principle of repair patch measurement. Oligonucleotide transformation produces a heteroduplex region of which 20 bp are shown (nt 1377 to 1396 of lacZ in BW1892). The oligo contains a mutagenic dG and a nearby dI. The production of Lac + transformants will depend on whether or not the excision of dI encompasses the dG (A versus B) . See text for details. Extent of the dI repair patch. As outlined in Fig. 2 , lacZ mutants were transformed by a set of 70-mers, each of which contained a mutagenic dG at a fixed position and a dI at a variable position. A position of −1 indicates that the dI is placed so that the dG is at the 3′ end of the Endo V cleavage site, whereas a position of +1 indicates that it is at the 5′ end. Each bar represents the mean ± SEM for four transformations, normalized to the values obtained for dIfree oligos. (A) Strain BW1892 transformed by 70-mers covering 1350 to nt 1419 of lacZ. (B) Strain BW1945 transformed with 70-mers covering nt 15 to nt 84 of lacZ. (See Fig. 1 for sequences). The data in B were corrected for the spontaneous reversion frequency of BW1945 (<1% of peak values).
